This paper focuses on a research on the influence of nickel content in zirconia matrix and its impact on the mechanical properties of obtained composites. ZrO 2 /Ni mixed powders were uniaxially pressed and sintered in a nitrogen atmosphere to obtain ZrO 2 /Ni composites that were characterized by X-ray diffraction (XRD), scanning electron microscope (SEM), and energy-dispersive Xray spectroscopy (EDS). The stereological analysis allows obtaining information about the size distribution of zirconia grains in the sintered composites. Relative density, hardness, fracture toughness, and bending strength were also analyzed. The results revealed that the presence of Ni particles in the composites affects the mechanical properties of the materials. An increased Ni concentration caused a decrease in Vickers hardness and increased the fracture toughness of the ZrO 2 /Ni composites compared to the ZrO 2 samples. This kind of composite is of interest for temperature and flow sensors, thermal barrier coatings for gas turbines and supersonic propulsion systems of spacecrafts, as well as as a material for anode in solid oxide fuel cell.
Introduction
Nowadays, there is a lot of research on joining a brittle ceramic with microparticles of ductile metals. This is due to the interesting properties of this group of materials, such as high hardness, dissipation of most thermal stresses, and modification of thermal and electric properties [1, 2] . Furthermore, the presence of the reinforcing phase can prohibit the crack propagation and improve the fracture toughness of ceramics [3] . An example of ceramic-metal composite is ZrO 2 -Ni composite. The zirconia-nickel system is a good candidate for a ceramic-metal composite because coefficients of thermal expansion of these components are very close to each other (13 × 10 −6 K −1 for zirconia and 15 × 10 −6 K −1 for nickel, respectively). This allows to minimize the stresses generated during sintering and facilities the formation of a goodquality interface between the phases without cracks and voids [4, 5] . Moreover, the elastic modulus of ZrO 2 and Ni is similar: 220 and 197 GPa, respectively. This system is very promising because zirconia and nickel are chemically stable and do not react with each other over a wide range of temperatures [6, 7] . According to the literature reports, this composite can be applied as thermal barriers, as sensor, and as anode for solid oxide fuel cells [8, 9] . The potential application of such materials is the reason for continuing work on this composite system carried out by many research centers [10] [11] [12] . This paper was focused on the influence of the nickel content on the microstructure of the ZrO 2 matrix. Two different metal contents were used in the experiments. In the work, the two commercially available powders were used. The samples were examined using X-ray diffraction (XRD), scanning electron microscope (SEM), energy-dispersive X-ray spectroscopy (EDS), and stereological analysis. Moreover, the hardness, fracture toughness, and bending strength were analyzed.
Experimental
The materials used in the experimental study were ZrO 2 TZ-PX-245 (TOSOH) with average grain size of 0.1 μm, purity of 99.9% and Ni particles (Sigma-Aldrich) with average size of a mean particle size of 4 μm, purity 99.9%. The zirconia powder was stabilized by 3 mol% Y 2 O 3 . The properties of the starting materials are shown in Table 1 . The morphology of the powder particles was characterized by a scanning electron microscope (Fig. 1) .
On the basis of SEM images, it was found that the starting Ni powder has an irregular shape. Moreover, the microscopic observation of started powders revealed that the ZrO 2 show the tendency to create agglomerates.
Three series of samples were prepared by die pressing: series I (100 vol.% ZrO 2 ), series II (85 vol.% ZrO 2 + 15 vol.% Ni), and series III (80 vol.% ZrO 2 + 20 vol.% Ni), respectively.
The preparation procedure of ceramic samples was as follows: mixing the ZrO 2 and Ni powders in a planetary ball mill (PM100, Retsch) in ethanol for 1 h, drying at 50°C for 24 h, and shaping the samples by pressing operation. The 10 wt.% aqueous solution of poly(vinyl alcohol) (PVA) was used as a binder. The addition of the binder solution to the powders mixture was 10 wt.% with respect to weight of powder. The compacts with cylindrical shape with height of 3 mm and diameter of 20 mm were formed by uniaxial pressing at 100 MPa. The sintering was carried out at 1400°C in a nitrogen atmosphere with 2 h of dwell time. The heating and cooling rate was 5°C/min. The sintering temperature was chosen below the melting point of the Ni (1453°C).
The bulk density of the sintered specimens was measured by Archimedes method in distilled water. Archimedes method was carried out according to the PN-76/6-06307. The measurements were made for 15 samples in each series. The densities of selected samples for each series were measured on a helium pycnometer, AccuPyc II 1340 (Micromeritics), in a sequence of 100 purges and 100 measurement cycles. The theoretical density was calculated according to the rule of mixtures. The following densities were used: 5.93 g/cm 3 for ZrO 2 and 8.9 g/cm 3 for Ni. The XRD study was performed to determine the bulk crystalline phases of the composites. It was conducted using a Rigaku MiniFlex II diffractometer with CuKα 1.54 (λ = 1.54178 Å). The XRD conditions of recording were the following: voltage 30 kV, current 15 mA, angular range 2θ 25°-70°, step 0.02°, and counting time 0.5 s on the surface of samples from all series. The results were obtained in the form of plots of the diffracted intensities as a function of 2θ.
The fractures of samples were analyzed by scanning electron microscopy (HITACHI SU-70). The changes of size distribution of the ZrO 2 grains in the sintered composites were determined using a stereological analysis. A quantitative description of the microstructure was based on results of image analysis made by a Micrometer software [13] . The analysis was conducted on SEM micrographs of randomly selected areas positioned on a cross section of the sample. Before the measurements, the cross sections were polished and thermally etched. Polished surfaces for SEM observations were prepared by grinding and polishing with diamond pastes and silica suspension. The thermal etching was conducted at 1300°C for 30 min. A thermal etching was adopted in the present study to reveal the grain boundaries of the zirconia matrix.
The local chemical composition was examined in areas on a fracture of the sample by EDS analysis (HITACHI SU-70 and SEM Zeiss Ultra Plus). Moreover, the hardness was measured on a Vickers hardness tester (HVS-30T, Huatec Group Corporation) for sintered and polished samples. The hardness was determined by used means of a Vickers indenter with a load of 98.9 N with 10 s holding time. The corresponding indentation sizes were determined using an optical microscope (Nikon ECLIPSE LV150N). The fracture toughness K IC was estimated using the crack length generated by an indenter using the Niihara equation [14] :
In the above equation, E is the Young's modulus, l is the average crack length [μm], a is the one half of the indent diagonal length [μm] , and H V the Vickers hardness.
The strength of the discs was determined by using a ballon-ring (BOR) test with a universal testing machine Tinius Olsen H10KS [15] [16] [17] . Reported strengths represented the mean and standard deviation of at least 10 specimens. The values were computed using Kirstein and Woole's equation:
In 
Results and discussion
The preliminary macroscopic and microscopic observation of the sintered samples revealed no pores or cracks in their volume and on their surface. The typical microstructure of the ZrO 2 /Ni composites (series II and III) is presented in Fig. 2 . In the microstructure, the areas with light (white) color represent the nickel particles and with gray color represent the zirconia matrix. The result of the observation of the microstructure reveals that the obtained sintered composites are characterized by quite homogenous distribution of Ni particle in the volume of material. Based on Fig. 2 , it was found that the nickel particles in both series indicate tendency to agglomerate. A problem of Ni particle agglomeration could be minimized if colloidal processing would be used for composite preparation. There are at least two possible ways to overcome this problem. First, a suspension of ZrO 2 powder with Ni particles in the presence of dispersing agents should be well mixed in ball mill and sonicated. In this technique, ethanol or other easily evaporating solvent should be used. After that, the suspension should be dried and pulverized. In such a way, dry, homogenous, and ready to die pressing mixture of ZrO 2 with Ni should be obtained. The second approach requires a preparation of aqueous slurry with high fraction of ceramic and metallic powder (above 45 vol.%). The slurry should be stable; hence, an addition of dispersing agents and other processing aids is required. During the mixing and sonication the Ni particles, as well as ZrO 2 , particles should be deagglomerated. The prepared slurry could be used in slip casting method (or other casting methods) to obtain desired composite. Figure 3 shows the XRD patterns of the samples of each series after sintering. The XRD pattern for pure ZrO 2 ( Fig. 3a) indicates materials containing tetragonal zirconia (t-ZrO 2 ) due to the addition of yttrium oxide. The X-ray diffraction patterns of composites indicate that the phase composition consists of tetragonal zirconia, nickel, nickel oxide, and monoclinic zirconia (m-ZrO 2 ). It can be stated that there was no reaction between zirconia and nickel during the sintering process. The observation at high magnification did not indicate the presence of transient phases. The NiO phase was detected because of oxidation of Ni and diffusion of oxygen from zirconia to nickel. The oxidation of Ni surface was confirmed by EDS analysis of a bulk nickel powder. The analysis revealed that the surface of Ni contains 1.41, 85.33, 0.46, and 12.80 atom % of oxygen, nickel, aluminum, and carbon, respectively. The presence of Al and C atoms on the surface may result from synthesis method [18] and the adsorption of carbon dioxide from air. The formation of small amount of NiO might have a positive effect on the composite properties. Duh and Chien [19] stated that bonding in Ni/zirconia (nickel foil to zirconia) required the formation of a thin oxide layer to wet the ceramics. That is why the presence of Ni-oxide should not compromise the properties of prepared composites.
For all samples, XRD spectra show an intensive characteristic peak of t-ZrO 2 at 2θ = 30.2°. For the composite samples, the research showed the presence of characteristic peaks of m-ZrO 2 at 2θ = 28.2°and 31.5°with very weak intensity. At high nickel concentration, m-ZrO 2 peaks become more intensive which may indicate a higher content of this phase in the composite with the 20 vol.% of nickel. The effect of Ni addition on the t-m transformation of ZrO 2 during sintering in protective atmosphere (argon or reductive) is still not well recognized. More data could be found in the case of ZrO 2 -NiO system. Danilenko et al. [10] concluded that the presence of Ni or NiO activated phase transformation toughening of zirconia by formation of metastable tetragonal phase depleted by Y 3+ ions. The reversibly dissociation of NiO on Ni and oxygen in neutral (argon) atmosphere provided the formation of cubic phase and Y 3+ depleted tetragonal phase. Internal oxidation of Ni during cooling leads to formation metastable tetragonal phase in depleted Y 3+ zirconia grains. The formation of NiO particles during cooling leads to emergence of large compressive stresses, which also increased the metastability of tetragonal zirconia grains, depleted of Y 3+ ions. In the case of synthesis of Ni-ZrO 2 via co-precipitation route, Elshazly et al. [20] observed that metastable t-ZrO 2 is stabilized at 20 mol% of nickel salt at a calcination temperature of 800°C. Stefanic et al. [21] stated that the presence of NiO partially stabilizes the tetragonal polymorph of ZrO 2 , but cannot stabilize the cubic polymorph of ZrO 2 . Stabilization of the products with a NiO content above the solubility limit (5 mol% of Ni 2+ ions) probably results from strong surface interactions between ZrO 2 and NiO. Figure 4 shows the SEM images of the fracture surface of the ZrO 2 /Ni composites of series II and III. There were no significantly differences between the fracture of both samples. These observations confirm that the nickel particles are uniformly distributed in the ceramic matrix. SEM observation reveals that most of the nickel particles are firmly bound to the ceramic matrix. For this reason, the presence of holes after pulled out of nickel particles was detected. It can be seen that the fracture of the Ni particles in the ZrO 2 /Ni composite occurred mainly by cleavage, as shown in Fig. 4 . There was no evidence of debonding at the particle/matrix interface.
The EDS analysis for selected areas on the fracture of the series II and series III was carried out. EDS spectra were collected from four different locations at a specimen. Areas used for making the measurement of EDS are shown in Fig. 5 . The study was conducted on the fracture, so the tested surface is not flat, must take into account that the incident radiation can bounce back from the surface and can arouse adjacent elements. In addition, it should be remembered that on surface on the fracture, it may be a small amount of other phase which is invisible under microscope. The results of the concentration measurements of zirconium, nickel, oxygen, and yttrium in the composites of series II and III are presented in Table 2 . The results showed that in the case of series II, not all of the nickel particles were oxidized to nickel oxide (area 1). In both series, the areas 1 and 2 contain mainly Ni. It also may be concluded that in series III, more nickel particles were oxidized to nickel oxide than in the case of series II. In these areas, probably nickel shows the tendency to rapid oxidation than series II and expected intensive diffusion in both direction Ni into ZrO 2 and ZrO 2 into Ni. The areas 3 and 4 in both Table 2 The weight and atom content of samples from different areas series are rich in ZrO 2 and low amount of the nickel. The low amount of nickel in these areas is due to mutual diffusion of Zr to Ni and Ni contrary to the ZrO 2 matrix. These results showed that all areas contain yttrium. This is due to the fact that zirconia powder was stabilized by 3 mol% Y 2 O 3 addition [22] . Figure 6 shows the microstructures of specimen matrix after thermal etching. In order to avoid a grain coarsening during thermal etching, the heating temperature was lowered by 100°than sintering temperature. The thermal etching at 1300°C successfully reveals the grain boundaries of the matrix. Although some pores were identified occasionally, dense and relatively uniform microstructures were achieved, consistent with the measured densities shown in Table 3 .
The size distribution of zirconia grains in the sintered composites is presented in the form of the violin plots in Fig. 7 . The description of the grain size of the ZrO 2 was made on the basis of SEM images of randomly selected areas (in the case of series II and III, the nickel particles were neglected) on the samples using computer image analysis applying the program Micrometer [13] . This method allows obtaining information about the actual size of grains. Microstructure observations were performed using magnification ×15,000. The average values were calculated from measurement of 10 different areas.
Analysis of violin plots (Fig. 7) showed that the majority of grains in the samples of the series I have the size in the range from 0.1 to 0.3 μm. In the case of series II, most grains are in the range between 0.1 and 0.25 μm. The grain size in the The selected physical properties of the sintered samples are displayed in Table 3 . It was found that the measured density of sinters was lower than the theoretical density. This indicates that the samples are characterized by some porosity. According to literature data, the optimal sintering temperature (relative density of samples close to theoretical) for the zirconia powder used for research is 1450 [23] . The used temperature was slightly lower which could cause a decrease in density. It may be seen that ZrO 2 -15vol.% Ni composites had slightly higher density than pure zirconia. Higher content of metallic phase in composite (20 vol .%) caused a decrease in density. This may result from the hindered homogenization of the starting powders prior to pressing, which could have resulted in a larger amount of powder agglomerates which, after sintering, increased the porosity. Furthermore, with a higher content of nickel powder in the final composite, the nickel oxide content also increased. NiO phase has a lower density than nickel (ρ NiO = 6.67 g/cm 3 ) which also can influenced the densification. In series II, the open porosity is 0.5%, while in series III, the open porosity slightly increases and is 0.9%.
Due to the addition of metal particles into ceramic matrix, the Vickers hardness of the series II and III was decreased in comparison to the hardness of the series I. The addition of the 15 and the 20 vol.% of metallic phase caused the decrease of hardness by 27 and 29%, respectively, compared to a sample made of pure ZrO 2 (series I).
The density of sintered composites also has an influence on bending strength (Table 4 ). The composites made of the ZrO 2 and 15 vol.% Ni, that shows the highest relative density, also exhibit the best mechanical properties. Although the bending strength of samples from the series I and the series III is similar, a standard deviation and a coefficient of variation of the series III are higher (standard deviation of series I and III is 18 and 57, respectively, while the coefficient of variation of the series I and III is 0.04 and 0.14, respectively). Hence, it can be assumed that samples made of pure ZrO 2 show higher homogeneity in comparison to ZrO 2 and 20 vol.% Ni composites.
One of the most important parameters for ceramic matrix composites is fracture toughness. The present study has shown that the addition of nickel (series II and series III) improves the fracture toughness in comparison to a sample made of ZrO 2 . ). Figure 8 shows an example of crack propagation on the polished cross section of the ZrO 2 /Ni composites after the Vickers indentation. It can be seen that the deflection of the crack propagation is caused by the presence of Ni particles. The crack propagates smoothly in the ceramic matrix and on intercepting the metal particles follow the ZrO 2 /metal interface. It was found that in the case of the series III, in which the elongated nickel particles are present, the crack also passes through the nickel particle. Two types of toughening mechanisms, crack deflection and crack bridging, are observed for the nickel particles in the composite.
Conclusions
Results showed that the presence of Ni particles in the composites has an influence on the mechanical properties. An increased Ni concentration decreases Vickers hardness and increases the fracture toughness of the ZrO 2 /Ni composites compared with the samples made of ZrO 2 . Two types of toughening mechanisms are responsible for the high fracture toughness: crack deflection and crack bridging. What is more, a high content of Ni in composites inhibits the densification process, so the samples with the 20 vol.% of Ni show lower relative densities and higher porosity. The addition of the 15 vol.% of Ni increases the bending strength. For higher content of Ni, the bending strength decreases, but it must be noticed that the mechanical strength is strongly dependant from density and porosity of measured samples. It is possible that for the similar relative densities of composites with different content of Ni particles, the samples with higher amount of Ni will have a higher bending strength. However, these assumptions required further investigations. The present study has also shown that the addition of Ni particles up to the 20 vol.% does not influence on a grain growth of ZrO 2 during sintering process.
XRD analysis of composites showed that there was no reaction between zirconia and nickel during the sintering process. The NiO phase was detected due to oxidation of Ni and diffusion of oxygen from zirconia to nickel.
